A low-loss Raman-assisted phase sensitive amplifier (PSA) with ~20 dB signal net gain is experimentally demonstrated. The amplitude and phase adjustment for PSA is achieved by using non-uniform Raman gain and a tunable fiber Bragg grating (FBG), respectively. The total component loss of the system is measured to be ~8 dB. By tuning the FBG central wavelength, (1) an up-to-5.6 dB signal gain improvement is obtained; and (2) a ~4 dB receiver sensitivity enhancement is observed for 20 and 25 Gbaud QPSK signals and a 10 Gbaud 16-QAM signal.
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Next generation of enhanced-capacity optical communication systems employing higher-order quadrature amplitude modulation (QAM) have received much attention [1] . These advanced modulation formats can typically benefit from the use of low-noise optical amplifiers to support long-haul transmission. Indeed, the phase sensitive amplifier (PSA) is a potential candidate because it can achieve a lower noise figure than conventional phase insensitive amplifiers [2] [3] [4] [5] .
PSA relies on a four-wave-mixing (FWM) based parametric nonlinear interaction between a signal, a pump and a so-called idler (copier). By tuning the relative phase between these three components, the correlated signal and idler will undergo constructive coherent addition; concurrently, the uncorrelated noises on the signal and idler will undergo incoherent addition, which results in low-noise amplification. To date, this copier-PSA scheme has been experimentally demonstrated in a variety of different configurations [6] [7] [8] [9] [10] .
The copier-PSA system typically requires the signal and idler are of similar amplitude, and the phase is matched between the signal, the idler, and the pump. The amplitude and phase adjustment is often achieved by a liquid crystal-on-silicon (LCoS) based programmable filter [6] [7] [8] [9] [10] , which normally has an insertion loss of ~5 dB [11, 12] . This high insertion loss attenuates the power of the signal, the idler and the pump, which decreases the signal net gain (counting the idler generation). Therefore, it might be valuable to have a low-loss copier-PSA system that would provide a high signal net gain.
In this paper, we demonstrate a low-loss Raman-assisted PSA using a fiber Bragg grating (FBG) as a tunable phase shifter to provide ~20 dB signal net gain. Instead of using an LCoS programmable filter, the amplitude and phase adjustment is realized by non-uniform distributed Raman amplification and a tunable low-loss FBG (0.4 dB insertion loss), respectively [13] . The total component loss of the proposed copier-PSA system is measured to be ~8 dB. Compared to a Raman-assisted PSA using a programmable filter with 6.5 dB insertion loss (total component loss is ~14 dB), the proposed approach improves the signal gain by >20 dB because of a reduced link loss for the signal and the PSA pump. Moreover, compared to a system with the FBG of a fixed central wavelength, by tuning the FBG central wavelength, (1) an up-to-5.6 dB signal gain improvement is obtained; and (2) a ~4 dB receiver sensitivity enhancement is demonstrated for 20 and 25 Gbaud QPSK signals as well as a 10 Gbaud 16-QAM signal.
The concept of the proposed Raman-assisted PSA using FBGbased tunable phase shifter is depicted in Fig. 1 . This system comprises four stages: (1) idler generation, (2) phase adjustment, (3) hybrid Raman/PSA, and (4) pure PSA. In the stage of idler generation, the PSA pump power is set comparatively low to avoid a significant phase insensitive amplification for the signal itself. Then, a phase adjustment is realized by (1) placing the PSA pump wavelength close to FBG central wavelength; and (2) tuning the FBG central wavelength by varying the FBG temperature, which adds temperature-dependent phase-shift to the pump [14] . Regarding the FBG with a narrow bandwidth (<1 nm), tuning the FBG central wavelength should not affect the signal (S) and idler (I) phase. In the stage of hybrid Raman/PSA, the power imbalance between the signal and idler is compensated by the higher boosting on the idler than the signal, which is achieved by placing the signal wavelength away from the effective Raman gain region. Meanwhile, the PSA pump is also boosted in-line by Raman amplification to enhance the signal gain [15] . Finally, another stage of pure PSA is cascaded for a further signal amplification.
The experimental setup is shown in Fig. 2(a) . At the transmitter, a laser is modulated by an optical I/Q modulator driven by an RF signal (QPSK or 16-QAM). The signal input power is adjusted by an attenuator (ATT-1). Meanwhile, a PSA pump at 1566.8 nm is amplified and combined with the signal through a 50/50 coupler. The PSA pump is phase modulated by an 800 MHz pseudorandom binary sequence (PRBS) to suppress stimulated Brillouin scattering (SBS). An optical circulator is used before HNLF-1 to monitor the potential pump power reflection by the FBG during tuning the central wavelength.
An idler is generated with ~−10 dB conversion efficiency in the first stage, in which the signal and the PSA pump In the next stage, the PSA pump, the signal and the idler are sent through a 15-mm-long FBG with a 0.4 dB insertion loss and maximum reflectivity >99%. The FBG is placed on a thermoelectric heater, the surface temperature of which is controlled by a current source. By changing the temperature, the FBG central wavelength moves, adding a phase-shift to the PSA pump. For example, a 0.8 A current increases the FBG temperature by 60 o C above room temperature (25 o C) and moves the FBG wavelength by 0.66 nm.
In the third stage, the signal, the idler and the PSA pump are amplified in a 500 m HNLF (HNLF-2) with backward Raman amplification provided by a ~32 dBm Raman pump at 1455 nm. The relationship between Raman pump power and control voltage is shown in Fig. 2(b) . The 1460 nm isolator is used to block the output Raman pump; while the 1550 nm isolator is employed to block the potential unwanted SBS. By choosing a signal wavelength longer than 1568 nm (at the edge of the Raman gain region), the signal obtains much less gain from Raman amplification than the idler, as shown in Fig. 2(c) . The gain difference between the signal and idler helps to compensate for the power imbalance coming from the first stage (idler generation). Meanwhile, the PSA pump is also boosted by Raman amplification. The spectrum after the hybrid Raman/PSA stage is shown in Fig. 2(d3) .
The final stage is a pure PSA process, in which the signal, the pump and the idler are sent to a 300 m HNLF (HNLF-3), where the signal receives additional gain, as shown in Fig. 2(d4) .
After HNLF-3, the signal is selected and sent through another attenuator (ATT-2) to adjust the input power for the pre-amplifier before the coherent receiver. ATT-2 is used to fix the input power to the pre-amplifier after each system adjustment/tuning, such as changing Raman pump power, or varying the input signal power.
The relationship between current supply, temperature, and the FBG central wavelength is illustrated in Fig. 3(a) . With increasing the injected current, the FBG temperature climbs and its central wavelength is red-shifted. Fig. 3(b) shows that the FBG central wavelength is tuned by changing the temperature and a 60 o C temperature increase moves the FBG central wavelength by 0.66 nm. Fig. 3(c) characterizes the phase-shift induced by the thermal tuning of the FBG. A temperature change (ΔT) of 30 o C provides a phase-shift of ~15 degree while a ΔT of 60 o C introduces a phaseshift of ~60 degree. The PSA pump power after the FBG with different central wavelengths is shown is Fig. 3(d) . The flat curve indicates the PSA pump power is not significantly decreased by reflection within the wavelength tuning range of 0.66 nm.
Tuning the FBG central wavelength could affect the phase matching condition of the PSA, which is represented by the output power variation of the signal, as shown in Fig. 4(a) . It can be seen that a 10 o C temperature change, corresponding to a ~5 degree phase-shift for the PSA pump, causes no more than a 2 dB power variation for different input signal wavelengths. However, a 60 o C temperature change, corresponding to a ~60 degree phase-shift for the PSA pump, produces a >6 dB power variation. For a range of wavelengths, Fig. 4(b) shows the gain improvement that can be achieved by phase tuning within a ~60 degree range via the FBG tuning. Due to the system dispersion, the optimal phase for each wavelength is different and the signal might already have optimized phase condition for some wavelengths at room temperature. For example, no gain improvement is observed at 1568.6 nm. However, the gain improvement could be 5.6 dB when the signal wavelength is 1569.8 nm.
The wavelength-dependent system optimization is further illustrated by comparing the constellations of a 20 Gbaud QPSK signal in Fig. 5 . Since the signal gain varies under different system configurations, the signal power is adjusted by ATT-2 to ensure the same input power to the pre-amplifier. Fig. 5(a) shows that for a signal wavelength of 1569.8 nm, the signal error magnitude vector (EVM) is improved by ~6% through tuning the FBG central wavelength. Fig. 5(b) shows that FBG temperature tuning cannot bring extra benefit at a wavelength of 1568.6 nm, because the FBG under the room temperature already provides the optimal phase. Figure 6 shows the signal net gain (the signal power difference between Node-1 and Node-5 in Fig. 2(a) ) by changing the Raman pump power under different scenarios. The signal wavelength is fixed at 1569.8 nm for the remaining part. It can be seen that the system with the FBG central wavelength tuning always provides highest gain under different power levels of the Raman pump. The signal net gain using only Raman amplification is also included, which is <5 dB even the Raman pump power is at its maximum. In addition, the signal net gain is negative if we instead use a programmable filter (waveshaper) with a 6.5 dB insertion loss. This high insertion loss attenuates both the signal and the PSA pump, leading to a significant decrease of the PSA efficiency.
The comparison of bit error rate (BER) performance with and without FBG central wavelength tuning is shown in Fig. 7 , including both 20 and 25 Gbaud QPSK signals. It can be seen that FBG central wavelength tuning achieves a similar sensitivity benefit of ~4 dB across the different signal baud rates.
Finally, a 10 Gbaud 16-QAM signal is also demonstrated in the system, as shown in Fig. 8 . The benefit of tuning the FBG central wavelength is verified by measuring both EVM and BER. Fig. 8(a) shows that the EVM of the 16-QAM signal is improved by ~2% through tuning FBG central wavelength. This EVM improvement leads to a ~4 dB receiver sensitivity enhancement in Fig. 8(b) .
In conclusion, a Raman-assisted PSA with FBG for phase tuning is experimentally demonstrated. The system benefits from the low-loss of the FBG and improves the signal net gain by >20 dB as compared to a system with a programmable filter (waveshaper). A ~4 dB receiver sensitivity enhancement is observed by comparing the systems with and without tuning the FBG central wavelength. It is noted that the current experimental configuration shows a wavelength-dependent signal performance in Fig. 4 and Fig. 5 . This phenomenon might be caused by the system dispersion from the discrepancy between zero dispersion wavelength of the HNLFs (~1551 nm) and the PSA pump wavelength (~1567 nm), whose location is determined by the characteristic of the FBG. In future, HNLFs with zero dispersion wavelength close to 1567 nm might enable the extension of the scheme to multi-channel PSA operation. 
